In a previous paper [Appl. Surface Sci. 40 (1990) 
Introduction
In a short series of three articles, we report on the result of an extended study of the c-Si/Ti solid state reaction. This is the second paper dealing with the quantitative analyses of the previously identified metastable intermediate states and the final state.
In the preceding paper, we have described the optical experiments and the results. Thin (-10 nm) Ti films have been grown on top of a clean c-Si(ll1) substrate inside an UHV system. These layers are slowly heated, meanwhile following the intermixing process by means of three-wavelength ellipsometry, A = 340, 450 and 550 nm. These ellipsometrical registrations revealed the occurrence of some reordering processes in the as-deposited Ti layer, two metastable intermediate states (I and II) and a final transition at -700 o C (III). the ellipsometrical spectra of the as-deposited layers unambiguously show that a thin (-3 nm) intermixed Ti-Si layer is formed prior to the growth of a pure Ti layer. When the layer is slightly heated, -175'C, we observed a continued intermixing at the metal/silicon interface and a reordering of the Ti atoms in the as-deposited metal layer. Increasing the temperature enhances the Si indiffusion, as at -350' C it was possible to obtain a completely converted intermediate state. This metastable phase is denoted by state I. Analysis of the optical data revealed a strongly inhomogeneous layer with a composition of approximately TiSi. At -400° C, a second Si indiffusion into the silicide layer is initiated, ultimately yielding at -450 o C a homogeneous disilicide, state II. From additional studies reported in the literature [2-51, it is concluded that the disilicide obtained should have the metastable C49 structure. A final transition (state III) is observed at -700 o C. Analysis of the ellipsometrical spectrum indicates a large amount (-20%) of c-Si precipitates in the silicide top-layer.
In this paper we will present the results of a number of additional measurements. The UHV system in which we have grown and heated the layers, is equipped with Auger electron spectroscopy (AES) with a retarding field analyzer. This system offered us the possibility to study the surface composition of a number of specially prepared samples in-situ. With great care we have prepared two samples that are optically identical to the metastable phases I and II. The samples and the sample which is used for the previous presented [l] optical analyses (sample III) are subjected to an X-ray photoelectron-emission spectroscopy (XPS) study and Rutherford backscattering (RBS) measurements. The RBS results fully support the results previously obtained by spectroscopy ellipsometry [l] ; the low-temperature ( -350 o C) monosilicide phase (sample I) has a composition of TiSi,., , the moderate temperature disilicide (sample II) is almost stoichiometric (TiSi 2.1) whereas a strongly Si-enriched disilicide is found for the sample III, TiSi,,,. peak-to-peak heights on the clean Si sample and an evaporated Ti layer respectively [6, 7] . A beam of 2 keV electrons and 1.25 PA total current has been used. The spectra are recorded by a retarding field analyzer in the dN/dE mode.
The results obtained by means of the surface-sensitive techniques, XPS and AES AES, reveal a large discrepancy between the bulk and surface composition. Both disilicides are more or less silicon segregated; the disilicide sample II has a surface composition of TiSi,.,, the final state is almost covered by a pure Si layer, composition TiSi,.
In table 1 we have enlisted the results of the AES measurements of the samples I and II. For both, Ti and Si, it presents the peak-to-peak height ratios of the measured and the reference peaks, and the experimental scatter as estimated from the variance among the different samples.
Sample II has also been subjected to an AES Ar+ depth profiling study. This study confirms the results of the in-situ AES, XPS and RBS investigations.
This paper is organized as follows. Firstly we will treat the in-situ AES measurements. The preparation of the reference samples I, II and III will be described in section 3. Subsequently in sections, 4, 5 and 6 we present respectively the XPS study, the RBS investigation and the AES Arf depth profiling. The paper closes with a discussion on the presently and previously obtained results.
The peak-to-peak height ratios clearly reveal an increase of the Si concentration observed at the surface, whereas the Ti amount is reduced. Striking is the large variance of the peak-to-peak height ratios, indicating that an unambiguous, stoichiometric surface composition is not obtained. However, intermediate state I appears to have a composition more or less TiSi-like, whereas intermediate state II corresponds to a Si-enriched TiSi z phase. These results are in good agreement with those reported by Idzerda et al. [8] . Further, such a Si segregation is observed also in the case of an annealed, cosputtered TiSi, layer above a Si substrate [9] .
Samples I, II and III

In-situ Auger analyses
The ex-situ study of the intermediate states I and II of the silicide formation that we have A number of metastable monosilicide (I, -350 o C) and low-temperature (C49) disilicide samples (II, -450 o C) have been investigated by means of in-situ AES. Prior to these measurements, we have calibrated the Si LW and Ti LMM distinguished in the first paper of this series, requires a number of carefully prepared samples which are equivalent to these intermediate states.
The sample discussed in the previous article [l] provides us the final-state sample, sample III. The samples identical to the metastable phases I and II had to be prepared. For this purpose we grew -10 nm thick Ti layers on clean, reconstructed Si(ll1) substrates. These layers were subsequently annealed up to the temperatures of 350 and 450 o C for the samples I and II, respectively. The process was followed by the ellipsometer and the heating was stopped once the different, distinguishable processes had ceased. Prior to and after the heating spectroscopy ellipsometric scans were made for a proper optical comparison between these samples and the previously distinguished intermediate states. Table 2 shows the optical analyses of samples I and II. Sample III is the same sample as the one presented in the previous paper [l] and from which we have derived the reference dielectric functions for the metastable monosilicide and the low-temperature C49 disilicide, EIt and Zn, respectively. A two-layer model where both layers are allowed to contain a variable amount of voids, is used. Sample I shows to be homogeneous and a one-layer model should suffice. Sample II exhibits a slightly lower silicide concentration at the surface, which suggests some surface roughness.Confidence limits for the thicknesses are quite large (rt 3 nm for d, and d2) because of the strong correlation between the two layers. Confidence limits for the void fractions are for both samples 0.10 and 0.01 for respectively the top and second layer. The residues of both fits are extremely low, warranting that the dielectric functions used are the appropriate ones, and we can safely conclude that the samples I and II are identical to the intermediate states I and II as observed during the annealing of sample III.
X-ray photoelectron spectroscopy
We have studied the samples I, II and III by XPS. The objective was to obtain an unambigious characterization of the samples. Both, chemical state of the Ti/Si samples and their quantitative surface composition were questioned [6, 7, 10, 11] . The results, however, will show to be quit poor. Shifts of E, are hardly observed, probably because of the particular character of the chemical bonding and electronic structure of the Ti/Si system. The composition could be obtained, but it required quite an effort to eliminate the peak-area distortion due to a negative oxide layer grown upon exposure to the air.
Subsequent to the preparation, the samples were transferred to the XPS system, which, unfortunately, requires the exposure of the samples to the air. The analyses were performed on the Kratos XSAM-800 system, equipped with a Mg Ka! (E = 1253.6 ev) Rontgen source and a concentric hemispherical analyser at constant pass energy (20 eV).The background of inelastically scattered electrons was subtracted from the spectra by the method of Shirley [12] . This method is questionable [13] , it may introduce errors in the absolute peak positions and the peak areas, but presently there is no better alternative available. Prior to any measurement the energy scale was calibrated with the Cu2p peak (E, = 932.67 eV) and the CuLMM Auger peak (334.95 eV).
The most pronounced photoelectron excitations for titanium and silicon involve 2p core levels. Concerning metal Ti, the 2p,,, and the 2p,,, core levels are separated enough to observe them as two distinct peaks in the XPS spectrum near E, = 459.7 and = 454.0 eV, respectively. The Si 2p levels cannot be distinguished and a single peak is found at E, = 99.1 eV. XPS spectra were recorded for the samples I, II and III and for pure Si and Ti samples covered by their native oxides.
In the finally obtained XPS spectra, contributions are found that belong to the oxide layer and the bulk silicide. Our aim is to obtain the bulk Ti-Si peak-area ratio which requires a proper The spectra for Si and Ti as recorded on samseparation of the oxide and silicide contributions ple II are displayed in figs. 1 and 2. The silicon to the XPS spectra. The peak-area ratio obtained spectrum shows two dominant peaks, one at E, = after the separation of the bulk and oxide contri-99.1 eV, which is attributed to the silicon beneath butions still has to be corrected for the distortion the oxide layer, and one at E, = 103.0 eV due to due to the oxide layer. For this purpose, measurethe oxide. The sub-oxides are found in between of ments are performed for two photoelectron escape these two peaks. by the oxide layer, nevertheless, it can be concluded that the core levels involved do not experience a large change of their electronic environment due to the silicide formation.
The binding-energy shifts are dominant by two mechanisms,
(1) the ability of electronic relaxation of the valence electrons upon the creation of a core-hole and (2) the actual electrical potential of the core-electron due to the charge density of the valence electrons.
The first and the latter are commonly referred to as the final-state and initial-state effect and are extensively discussed in the review articles of Egelhoff [14] and Shirley [15] . The large shift of the photoelectron binding energy of, for example, Ti upon the formation of TiO,, thus can be attributed to the redistribution of the valence electrons -the Ti valence electrons are attracted to the oxygen atoms -and a reduction of the screening of the core-hole due to the conversion from a conductor (metal) to an insulator (oxide). It will be obvious that since the silicide formation does not involve a large charge redistribution as compared to the formation of an oxide whereas the electrical properties are less affected too, the binding-energy shift will be small. In particular, when considering the shifts upon the conversion from a monosilicide to a disilicide, one can expect but a very small shift of E,. However, the fact that this shift is presently not observed does not necessarily preclude silicide formation.
Although the results of the binding energy shifts are quite meager, we can still perform the quantitative analyses of the surface composition.
The objective is to determine the composition of the silicide, however, this is obstructed by the presence of a thick (-3 nm) oxide layer. In general, one can calculate the atomic ratio of the constituent components from the peak areas. The problem is that the silicide peak areas are reduced by inelastic electron scattering in the oxide overlayer. The loss rate of inelastically scattered electrons is energy dependent and, consequently, the peak-area ratio is not conserved during the photoelectron transport through the oxide layer. The loss rate of the photoelectrons is expressed in terms of the escape depth.
The relative attenuation of the peak-area ratio (8) is expressed by
where h, d and + denote respectively the escape depth of the photoelectrons, the thickness of the oxide layer and the photoelectron escape angle. 9' is the ratio when the surface layer is absent, which is the objective. The escape depth, A, is governed by the kinetic energy ( EK) of the electron and can be described by a simple formula [6, 7, 16] . Nevertheless, this formula is very tentative since it is strongly material dependent . Commonly, in the absence of surface layers, this material dependency can be omitted [10, 21] , but in the present case of a thick oxide layer this can lead to erroneous results. Hence, we cannot directly apply eq. (1) because we do not have reliable values for the escape depth at our disposal nor do we know the thickness of the oxide layer. These problems can be surmounted and the influence of the oxide layer can be eliminated from the peak-area ratio by means of a second measurement at another escape angle. The exponential factor of eq. (1) can then be obtained from the quotient of the peakarea ratios at + = 0 o and + = 40 O. Expressed in the measured quantities we find for the undistorted peak-area ratio 9': Application of this formula requires a correct separation of the oxide and the silicide contributions in the spectra. This can be accomplished by means of peak synthesis of the spectra. The main problem concerns the suboxides observed between the oxide and the silicide peaks. However, their relative positions as measured from the oxide binding energy are known from the literature [22-271 and we have adopted these results to fix the position of the Gaussians that correspond to the Ti and Si suboxides. Some special attention has to be paid to the synthesis of the Ti2p,,, and 2p3,2 peaks. These 2P i,z and 2p3,2 levels are isolated from the valence levels and thus experience their electrical environment and detection quite similarly. Thus, the binding energy difference of the 2~,,~ and 2p,,, photoelectrons does not depend on the chemical or electronic state of the atom and the area ratio of the 2p peaks is determined solely by the cross-section ratio for XPS photo-ionization of the 2~i,~ and 2~~~~ levels. It is for this reason that the Ti2p,,, and 2p,,* peaks that correspond with one chemical state are fitted with a fixed peak-area ratio and a fixed photoelectron binding-energy difference of 5.7 eV. The peak-area ratio and the binding-energy difference are obtained from a pure titanium sample. The peak-area ratio I3,2 : I,,2 = 2.2 : 1 is found, which clearly reflects the electron occupation of the levels [28, 29] . The slight disagreement is probably an indication for the ambiguity of the background subtraction.
Peak synthesis and the separation of the oxide, suboxide and silicide contributions are performed as discussed above. Peak-area ratios for the Ti and Si silicide contributions are calculated for both escape angles. In table 3 we have summarized the final, corrected peak-area ratios of the various samples as calculated by means of eq. (2). The atomic ratios Nsi : NTi are subsequently calculated from the undistorted peak-area ratio and the appropriate relative sensitivity factors of Ti and Si [7JOl.
Regarding samples I and II, we note that the atomic ratios at the surface agree excellently with the in-situ Auger measurements, see table 1. Remarkable is the very high Si concentration observed at the surface of sample III -probably the surface is covered by a Si overlayer. Such an overwhelming surface segregation is observed previously by Kuiper et al. [9] .
Rutherford hackscattering
Samples I, II and III were investigated by means of Rutherford backscattering (RBS) [30] . This method offers the best possibility for the unambiguous determination of the bulk composition and it yields an estimation of the thickness at the same time. The experiments are performed with a 2 MeV He ion beam at normal incidence and at a scattering angle of 170 O. Fig. 3 displays the RBS spectra as they were recorded for the three samples. The spectra were analyzed by the simulation program RUMP [31] , which yields an interpretation of the spectra in terms of a stack of smooth, homogeneous layers These results are obtained from the analysis of the RRS spectra by means of RUMP. The oxygen in the oxide overlayer is not listed. Sample III required two layers for a correct simulation, apart from a homogeneous silicide layer, a 7 nm thick pure SiO, layer was needed.
on top of a substrate. Regarding the samples I and II, a single layer containing Si, Ti and 0 sufficed to simulate the spectra. In the case of sample III, two layers were required, a pure SiO, layer above a Si-Ti mixed layer. The results are summarized in table 4.
Sample I is a Si-enriched monosilicide, the thickness is supported by the optical analyses, see table 1. Sample II is a slightly enriched disilicide, hence it shows unambiguously that a disilicide can be grown at temperatures as low as -450 o C. The thickness is slightly less than 27 nm, which was found from the LRA. The results show further that sample III has likely a pure SiO, top-layer and, therefore, the initial surface had to be Si segregated. This result agrees well with the XPS observation from the previous section. Below this segregation region, there occurs a strongly Si-enriched TiSi, layer. The shape of the RBS peaks of sample III has become asymmetric, showing that the layer is not as flat as those observed for the other samples I and II. The thickness, -50 nm, gives the posterior confirmation that the layer is too thick to allow its determination by means of optical methods; the information depth as been exceeded [l] . The amount of Si in the layer as it emerged from the optical analysis is slightly larger than the present result. This, however, can be attributed to the Si enrichment at the surface.
These and the previous results suggest that the heating at 700 o C has probably yielded a top-layer of large, flat TiSi, crystals embedded in a c-Si matrix. The Si layer above the crystallites has to be very thin or it lacks the optical characteristics of covalently bonded Si, for example because it has the metallic sp22s2 configuration, since there is no positive indication for such a layer from the linear regression analysis [l] .
AES Ar + depth profiling
Sample II has been investigated by Auger depth profiling [6, 7] . The objective was to study the homogeneity of the mixed layer and to obtain the atomic composition as it is measured by AES.
The measurement was performed on a PerkinElmer PHI 600 system. A beam of 10 keV electrons and a total current of 0.5 PA had been applied. During the Ar+ sputtering (E, = 3.5 ev), the TiLMM, SiLW, Si KLL, 0 KLL and the CKLL Auger peak-to-peak (p-p) heights were recorded. In fig. 4 we present the thus obtained (p-p) values of the elemental peaks investigated.
An independent calibration of the sputter rate on a Ta,O,/Ta sample with the same sputter conditions, yielded a sputter rate of 4.3 nm/min. Although the sputter yields of Ti, Si and Ta are comparable [7] , it cannot be advised to consider this sputter rate but as a rough estimation. Employing the information on the layer thickness, table 2, we find a sputter rate of about 3.5 nm/min. Preferential sputtering needs not to be considered, as shown by Kuiper et al. [9] . Displayed in fig figure from the Per&n-Elmer handbook [32] . Upon studying fig. 5 , one firstly notes the striking disagreement between the composition profiles as obtained from the SiLW and the SiKLL (p-p) values; the first reveals a Ti segregation whereas, according to the second, there should be a Si enrichment at the surface. In the case of the Si LW based profile, the Si (p-p) value is strongly affected by the peak shape; initially an oxide as well as a silicide contribution is present in the d N/dE spectrum, which broadens and flattens the SiLW peak. Both contributions are not distinguished properly by the operating program, which, as a consequence, yields a (p-p) ratio below its actual value. Hence, we have reason to believe that the atomic Si/Ti ratio in the presence of the oxide layer is too low in the case of the SiLW derived profile and that, initially, the SiKLL based profile resembles mostly the actual composition. One should note that the initial composition as derived from the SiKLL peak, agrees well with the in-situ measured results for the state-II-like samples and the XPS study. See tables 1 and 3. Further, the observed surface segregation of Si extending -3 nm is in excellent agreement with a similar study of Kuiper et al. [9] .
The sputter profile does not reveal a sharp silicide/ silicon interface, which is quite common due to the finite escape depths involved and the mixing and surface roughening caused by the Ar+ sputtering. Presently, we observe a transition region (80%-20% Ti concentration) of about 11 nm. In the preceding calibration of the sputter rate on Ta,O,/Ta, the sharp interface blurred over -8.5 nm. Apparently, we can attribute the transition region mainly to the sputter process, however, there is no evidence for an atomically sharp interface and a thin mixed region (2-4 nm) could be expected.
From the arguments presented above, we conclude that the silicide layer is homogeneous but that is Si enriched at the surface whereas an transition layer at the silicide-silicon interface cannot be excluded.
If we, finally, consider the atomic composition, there appears to be a quantitative difference between the composition calculated from the SiLW-Ti (p-p) ratio and the SiKLL-Ti (p-p) ratio, the first yielding an atomic Si to Ti ratio Nsi : NTi = 2.3, and the latter Nsi : NTi = 1. 8 . Both values indicate a titanium disilicide, but it can not be concluded with certainly whether it is Si or Ti enriched.
Discussion and conclusion
The additional measurements have confirmed what was already expected from the optical analyses of the preceding article. The complete picture that emerges from these results can now be summarized as follows.
The first Ti atoms that condensed on the Si substrate react with the silicon and a monosilicide layer is formed. This intermixing sustains as long as there is enough free silicon available. Upon the formation of -3 nm monosilicide, the lack of silicon terminates further growth of an reacted silicide layer and a pure Ti layers continues growing.
Commencing the heating at -200" C permits the Ti atoms in the top-layer to reorder to some extent. Meanwhile, Si diffusion is initiated and the intermediate layer proceeds to grow. At T = 350°C all Ti is consumed and a monosilicide phase is formed. Quantitative analysis has shown that this monosilicide is Si enriched and far from homogeneous. This inhomogeneity has to be at-tributed to a strong gradient of the Si concentration, which, since the phase field of the monosilitide is quite flat [2] , is required to bring about a substantial Si transport during the growth of the mixed layer. The observation of such a large Si gradient in a similar sample, is recently confirmed by Raaijmakers [2] . Structure analyses by Raaijmakers have also shown that this monosilicide lacks any atomic ordering; it is an amorphous compound.
Continuing the heating initiates a second Si in-diffusion and a TiSi, phase nucleates.The optical analysis has shown that this layer is homogeneous as compared to the preceding monosilicide. Nevertheless, the Auger and XPS measurements reveal a slightly Si segregated surface, its composition being close to TiSi,. This disilicide is known to have a crystalline C49 structure [2-51. Finally, at -700" C we observe a last transition. A roughened layer is formed which has a large surplus of crystalline Si. Probably, the toplayer consists of large, flat TiSi, C54 grains embedded in a c-Si matrix. Stress is observed in this c-Si. Although a strong surface segregation of Si is found, it is not likely that it exhibits c-Si characteristics since the presence of c-Si top-layer did not show from the LRA. Either the layer is too thin, or the Si has metal-like (2~2~) configuration.
In the context of these results, we will shortly discuss the work of Raaijmakers [2] . He has studied the TiSi, formation from cosputtered Ti-Si layers, from stacked systems comprising Ti and a-Si layers and from Ti layers sandwiched between c-Si and a-Si. Raaijmakers has found similar kinetics for the Ti/c-Si and Ti/a-Si solid state reaction. In both cases an amorphous monosilicide grows at -400 o C. This layer exhibits a large Si concentration gradient as observed presently [l] . Continuing the heating entails a second Si in-diffusion and C49 TiSi, nucleates at -500 o C for Ti/a-Si and somewhat higher (525-550" C) for Ti/c-Si. Finally, at -800 o C the transition of the C54 structure is observed. In the present study we have found temperatures that are slightly less than those of Raaijmakers, however the kinetics observed fully support the presently obtained sequence of phases.
